The global transcriptional profile of peripheral blood mononuclear cells (PBMCs) stimulated with HIV candidate vaccine (virus-like particles, VLPs) has been evaluated in HIV-infected patients with low/high viral load compared to healthy volunteers. Baseline activation of chemokine production was observed in PBMC from HIV-infected patients and innate immune stimulation with HIV-VLPs was not blunted. The immune profile among HIV-infected patients was found to be qualitatively similar but quantitatively extremely variable. This diversity was independent of viral load and it might be dependent on individual immunogenetic traits or concurrent immunological status.
Introduction
HIV-1 Pr55gag virus-like particles (VLPs) [1] , [2] , [3] and [4] have been extensively characterized by our group for the ability to induce maturation and activation of in vitro cultured monocyte-derived dendritic cells (MDDCs) partly through Toll-like receptor (TLR)-3 and -9 signaling [5] . We observed that the transcriptional profile of VLP-stimulated MDDCs indicates the reduced transcription of genes associated with phagocytosis and pathogen recognition and the activation of genes with function associated with antigen presentation and MDDCs migration [6] . Similar information can be observed also in CD14+ uncultured peripheral blood mononuclear cells (PBMCs) [7] .
To better dissect the potential differences in the response of circulating PBMCs from healthy volunteers as well as low and high viremia HIV-positive subjects to VLPs, in the present study we applied transcriptional profiling to three representative samples from each of the three categories and tested baseline transcriptional patterns as well as those after stimulation with VLPs or lipopolysaccharide (LPS) [9] .
Methods

Cell culture medium
PBMC culture medium consisted of RPMI 1640 medium (Life Technologies, Carlsbad, CA) supplemented with 2 mM l-glutamine (Sigma), 1% nonessential amino acids (Life Technologies), 1% sodium pyruvate (Life Technologies), 50 µM 2-mercaptoethanol (Sigma), 50 µg of gentamicin (Life Technologies) per ml, and 10% fetal calf serum (Life Technologies).
Patient and donor cohorts, PBMC preparation and treatment
Human specimens were obtained under informed consent, as approved by the University of Maryland Baltimore Institutional Review Board. Fresh PBMCs were isolated by FicollHypaque density gradient centrifugation and plated in 6-well plates at a concentration of 1 × 107/well in 3 ml/well volume. PBMCs were stimulated with 6 µg/ml of HIV-VLPs or 1 µg/ ml of LPS. Control PBMCs were added with PBS. The residual endotoxin activity possibly left over by the VLP preparation was inhibited by pre-incubation with Polymixin B Sulfate (Sigma) at a concentration of 10 µg/ml. After 4 and 8 h the cells were harvested and processed for total RNA extraction.
RNA preparation and microarray hybridization
PBMCs were harvested, total RNA and RNA for hybridization were obtained as previously described [10] and [11] . Six micrograms of amplified test samples aRNA were labeled with Cy5 (Amersham) while the same amount of reference sample (pooled normal donor PBMCs) was labeled with Cy3. Test-reference sample pairs were mixed and co-hybridized to a custom-made 37 K oligo-based microarray platform encompassing the whole human genome. Array data consistency was assessed based on the principle of reference concordance as previously described [12] .
Microarrays and statistical analyses
Hybridized arrays were scanned at 10-µm resolution on a GenePix 4000 scanner (Axon Instruments). Resulting jpeg and data files were deposited at microarray database (mAdb) (http://nciarray.nci.nih.gov) and retrieved after median centered, filtering of intensity (>300) and spot elimination (bad and no signal). Data were further analyzed using the NCI/BRB software [13] . Hierarchical cluster analysis was conducted on according to Eisen et al. [14] ; differential expressed genes were visualized by Treeview and displayed according to the central method of normalization [15] .
Class comparison was performed using paired or unpaired Student's t test as appropriate. Multivariate analysis was performed on multiple groups based on the F test with a P-value cutoff of 0.001. Assessment of random identification of significance was based on univariate and multivariate permutation test as previously described [16] . Boolean comparisons were based on the BRBArray Software. Fisher's exact test or χ2-test was used to assess the significance of sample distribution among self-organizing classes of samples as appropriate.
Results
Clinical parameters of the subjects included in the analysis
Eleven subjects were enrolled in the study. Eight were HIV-1-seropositive, of whom four showed a low HIV-1 viremia (<2.6 log RNA copies/ml) and four a high viremia (>4.69 log RNA copies/ml) (SI Table 1 ). The first group was under ART therapy, the latter enrolled at their first visit and naïve for ART treatment. Three healthy seronegative volunteers were enrolled as controls [8] .
LPS-and VLP-induced activation of PBMC in healthy volunteers
The effect of VLPs and LPS on the activation of PBMCs obtained from healthy volunteers identified 560 genes down-regulated and 596 up-regulated by either treatment (multivariate permutation test < 0.001), with a broad overlap among genes modulated by LPS and VLPs (Fig. 1 ).
Baseline transcriptional patterns of PBMCs
Nine hundred and seventy eight up-regulated genes and 960 down-regulated genes were found differentially expressed in unstimulated PBMCs from HIV-infected individuals compared to healthy volunteers. PBMCs of healthy volunteers demonstrated a highly consistent pattern while PBMCs from HIV-infected individuals displayed a heterogeneous transcriptional patterns and samples from low-and high-viremia group do not neatly segregate into two independent clusters ( Fig. 2A) . Patients 05 and 12 were excluded from this global analysis, considering that they have been found anergic according to functional analyses described in our recent paper [8] . However, patient 12 (a high-viremia sample) segregated in between experimental cohorts (red arrow, Fig. 2A ), while patient 05 (a lowviremia sample) segregated with the other samples from low-viral load patients but displayed a relatively reduced induction of about 50% of HIV-specific genes (yellow arrow, Fig. 2A ).
Unstimulated PBMCs from HIV-infected individuals largely reflected in baseline conditions the transcriptional profile of PBMCs from healthy volunteers stimulated ex vivo with VLPs. No transcripts specifically induced by LPS in vitro in healthy volunteers were found to be constitutively expressed in vivo by HIV-infected patients (Fig. 2B) .
Transcription pattern of stimulated PBMCs
The transcriptional profile of PBMCs stimulated with LPS from healthy volunteers shows significant differences with those from HIV-infected patients, independent of viral load (Fig.  3A) . Boolean comparison of genes differentially expressed in each cohort identified predominantly overlapping transcriptional patterns consistent among the three groups with the least overlap between PBMCs from healthy volunteers and those from HIV-infected, low-viral load patients (Fig. 3B) [17] . The ISGs modulated by LPS in the different experimental are shown in SI Table 2 .
Similarly, a spontaneous segregation is observed between the transcriptional profile of PBMCs from healthy volunteers and HIV-infected individuals stimulated with VLPs (Fig.  3C) . The transcriptional patterns of individuals with HIV shows a close overlap in correlative distance (Spearman's correlation; 1 − R2 values) among patients stimulated with LPS (Fig. 3A) or VLPs (Fig. 3C) . Boolean comparison of genes differentially expressed in response to VLPs identified overlapping transcriptional patterns among the three cohorts with the least overlap between PBMCs from normal individuals and those from HIVinfected, low-viral load patients (Fig. 3D ).
In particular, considering specifically the ISG genes, a multiple dimensional scaling based on IFNa2b-induced 453 ISGs genes identified by our group (Pos et al., manuscript in preparation) clearly shows a distinct baseline pattern in unstimulated PBMCs from healthy seronegative and HIV-seropositive subjects as well as a distinct pattern in VLP-induced PBMCs from the three different groups (SI Fig. 1 ). The genes, including ISGs, modulated by VLPs in the different experimental are shown in SI Table 3 .
Comparison of genes induced by LPS and VLPs
The expression of distinct ISGs genes was stimulated by LPS and VLPs, while the down regulation of some interferon regulated transcripts occurred in common with that induced by VLPs (see SI Table 4 ). On the contrary, the expression of several genes with immune function was significantly affected by LPS and VLP stimulation and are listed according to experimental cohorts (see SI Table 5 ).
In addition, self-organizing maps based on immune genes differentially expressed upon LPS and VLP stimulation by the three groups identified a cluster of transcripts that included a specific sub-group of ISGs (Fig. 4Aorange dashed line a) . Reshuffling of patients' and donors' sample based on this specific ISG cluster clearly predicted a class enriched of LPSstimulated samples (10 of 11 samples) compared with VLP-stimulated samples (3 of 11 samples) or unstimulated samples (2 of 11 samples; χ2P-value < 0.001, SI Fig. 2 ).
Patterns of gene expression
The expression of several genes with immune function was significantly affected by LPS and VLP and five distinct patterns of gene expression were identified. (1) Genes like IL-6 were not differentially expressed in baseline conditions among experimental cohorts, but their response to either VLP or LPS was strongly affected by HIV-status (Fig. 5A) . (2) Genes like IL-8 that were very strongly differentially expressed between HIV patients (upregulated) compared to healthy volunteers in baseline conditions and whose post-stimulation levels were partially affected by the HIV-status (Fig. 5B) . (3) Genes like CCL3 whose expression was significantly higher in baseline conditions in HIV patients compared to healthy volunteers and experienced strong up-regulation in response to VLP, more than to LPS, in HIV-infected patients more than in healthy volunteers (Fig. 5C ). (4) Genes like CCL22 whose expression was not altered by LPS or VLP stimulation in healthy volunteers but it was strongly induced by LPS and VLPs in HIV-infected patients independent of viral load (Fig. 5D) . (5) Genes like IRF-7, whose expression was only induced by LPS and it was comparable among all experimental cohorts independent of HIV infection status (Fig. 5E ).
Analysis of range of gene induction
We finally investigated the dynamic range of gene induction in response to VLP-stimulation independent of HIV infections status. This analysis identified 133 transcripts whose dynamic range in response to VLPs differed significantly between HIV-infected patients and healthy volunteers. A selection of lymphokines among these genes is shown in SI Fig. 3 . Although all patients and donors experienced increases in the stimulated values of each cytokine, the dynamic range was quite different and was strongly affected by the HIV status independent of viral load. This was particularly evident for IL-1β and the IL-2R α-chain which were more strongly up-regulated in HIV-infected patients while the dynamic range was reversed for several lymphokines. In spite of this significance difference in Δ-VLP between healthy donors and HIV-infected individuals, the cumulative Cy5/Cy3 values in response to VLP stimulation were consistently higher in HIV-infected patients due to their higher baseline expression.
Discussion
The relevance of innate immunity in the natural history of HIV infection is becoming increasingly recognized [18] , [19] , [20] , [21] , [22] and [20] . To address the baseline profile of innate immunity and its modulation, we studied the ex vivo responsiveness of PBMCs to the HIV-VLP vaccine molecule and the lipopolysaccharide (LPS), as example of pathogen associated molecular pattern (PAMP), comparing HIV-infected individuals to normal, healthy volunteers.
According to previous observations [6] , the transcriptional activation of PBMCs in baseline conditions or in response to stimulation with VLPs or LPS recapitulated that observed in MDDCs; this has important practical implications because ex vivo stimulation provides a simplified tool for the analysis of individual patient's responsiveness to VLP that does not require extensive in vitro manipulation. This may be of particular importance considering the current lack of clinical immunological/biological correlates of responsiveness of HIVinfected individuals, which may be extremely relevant within the conduction of vaccination protocols. Transcriptional patterns of PBMC from HIV-infected patients clearly differed from those of healthy volunteers and signatures consistent with profound activation of chemokine production were observed. Interestingly, the RNA expression levels did not always correlate with those protein expression, reported in our recent paper [8] , which are dependent also on external metabolic pathways affecting either their half life or their compartmentalized production.
Unexpectedly, in spite of extensive heterogeneity among individual patients, several consistent immunological patterns could be identified distinguishing HIV-infected individuals from healthy volunteers that may shed important insights about the immune biology of HIV infection.
An unexpected observation was the finding that the IFN-independent innate immune response of HIV patients to LPS and VLPs is not hampered but rather enhanced. In particular, stimulation of PBMCs from HIV-infected patients with VLPs further enhanced the innate immune response already ongoing in HIV-infected individuals. A distinct pattern of ISGs induced by VLPs and LPS in PBMCs from HIV seronegative as well as seropositive subjects may suggest the need to combine the VLPs with adjuvanting "LPS-like" molecules for an optimal transient induction of the innate immunity and, downstream, of the adaptive anti-HIV-1 responses aiming to an effective viral clearance.
Furthermore, the immune profile among HIV-infected patients was found to be qualitatively similar but quantitatively extremely variable and this diversity was independent of viral load suggesting that such differences may be more likely related either to immunogenetic traits, as recently discussed by Singh et al. [23] , or to concurrent immunological status [24] . This striking variation should be taken into account when interpreting correlative studies related to the natural history of the disease or its responsiveness to therapy.
In summary, this study indicates that this screening approach is able to identify specific genomic signatures induced by two distinct immune activators (HIV-VLPs and LPS) and provides a road map for the study of HIV-infected patients based on HIV-specific signatures, their heterogeneity among patients, their response to exogenous LPS and VLPs.
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